The effect of human cytomegalovirus (HCMV) infection on cellular mRNA accumulation was analyzed by gene chip technology. During a 48-h time course after infection of human diploid fibroblasts, 1,425 cellular mRNAs were found to be up-regulated or down-regulated by threefold or greater in at least two consecutive time points. Several classes of genes were prominently affected, including interferon response genes, cell cycle regulators, apoptosis regulators, inflammatory pathway genes, and immune regulators. The number of mRNAs that were up-regulated or down-regulated were roughly equal over the complete time course. However, for the first 8 h after infection, the number of up-regulated mRNAs was significantly less than the number of down-regulated mRNAs. By analyzing the mRNA expression profile of cells infected in the presence of cycloheximide, it was found that a minimum of 25 mRNAs were modulated by HCMV in the absence of protein synthesis. These included mRNAs encoded by a small number of interferon-responsive genes, as well as beta interferon itself. Cellular mRNA levels in cytomegalovirus-infected cells were compared to the levels in cells infected with UV-inactivated virus. The inactivated virus caused the up-regulation of a much greater number of mRNAs, many of which encoded proteins with antiviral roles, such as interferon-responsive genes and proinflammatory cytokines. These data argue that one or more newly synthesized viral gene products block the induction of antiviral pathways that are triggered by HCMV binding and entry.
Human cytomegalovirus (HCMV) is a ubiquitous member of the Herpesviridae family that causes disease and mortality in immunocompromised individuals. The virus expresses its genes in a cascade fashion with immediate-early genes being transcribed to high levels by 4 h postinfection (hpi) in cultured fibroblasts (17) . The immediate-early genes act as transcriptional activators for the early genes, many of which code for proteins involved in the replication of the viral genome. Following the onset of viral DNA replication at about 24 hpi, transcription of the late genes begins, and many of these genes code for structural components of the virion (16) .
The majority of studies investigating the replication of HCMV have used human fibroblasts. In this cell type, the virus replication cycle spans 48 to 72 h, ultimately resulting in profound morphological alterations and cell death. Many events in infected fibroblasts that would be expected to alter cellular mRNA levels have been described. Binding and entry of HCMV are known to cause Ca 2ϩ influx, inositol triphosphate, and cyclic AMP (cAMP) synthesis (11, 12, 37) as well as the activation of the transcription factors NF-B and Sp1 (20, 40) , and mitogen-activated protein kinase is also activated in a process that depends on viral protein synthesis (31) . HCMV also modulates cell cycle progression, inducing infected cells to enter the cell cycle but blocking them at the G 1 /S transition (5, 9, 23) . A number of reports have shown that apoptotic pathways are suppressed (15, 41) . In vivo, HCMV infects a wide variety of cell types, including fibroblasts, monocytes, and endothelial cells. It is likely that the details of HCMV's interaction with cellular machinery differs somewhat from cell type to cell type, but many conserved pathways are also likely to exist.
Identification of the cellular transcription pathways that are activated and repressed during viral infection could lead to a better understanding of the virus-host interaction and to the identification of targets for antiviral therapy. A virus can potentially modulate the level of a cellular mRNA by a number of different mechanisms. Binding of the viral surface glycoproteins to cellular receptors can activate signal transduction pathways that lead to the activation of cellular transcription factors (3, 40) . Components of the virion and immediate-early proteins are known to act as transcriptional regulators with the potential to directly affect the expression of cellular genes. Cellular transcription changes could also be caused by the activation of immune defense pathways used by the cell to limit viral replication. Furthermore, it is likely that there would be secondary effects on gene expression resulting from increased expression of cellular transcription factors, factors that affect the stability of mRNAs, or signaling molecules that activate specific transcriptional programs in cells.
A previous study from our laboratory investigated the effect of HCMV replication on cellular RNA levels at 0.66, 8, and 24 hpi using a microarray with 6,500 probe sets, and 258 genes were identified whose mRNA levels were regulated by a factor of 4 or more by the virus (43) . Other viruses that have been studied in a similar manner include human immunodeficiency virus (13) , poliovirus (19) , echovirus (30) , human T-cell leukemia virus type 1 (8) , herpes simplex virus type 1 (28) , and influenza virus (14) . While each of these studies clearly demonstrates changes in cellular gene expression resulting from infection, it is not yet clear which changes are deliberately instigated by the virus to facilitate replication, which are part of the host cell antiviral response, and which are bystanders that do not play a specific role in the infection process.
In this study, we studied the expression profile of cellular mRNAs in HCMV-infected cells using a larger array (12, 626 unique probe sets) and with a much greater density of samples (13 time points). We identified 1,425 mRNAs that are upregulated or down-regulated (threefold or greater) during infection. Many of these genes have potentially significant roles in either the viral replication cycle or pathogenesis. A clustering program was used to organize the genes according to the time after infection at which their mRNA levels change, and distinct classes of expression profiles were observed. For the first 8 h after infection, the number of up-regulated mRNAs was significantly lower than the number of down-regulated mRNAs. By analyzing cells infected with UV-inactivated HCMV (UV-HCMV), we found that this was due to the synthesis of one or more viral proteins during the initial stage of infection that prevents the up-regulation of cellular mRNAs, some of whose products play roles in antiviral pathways, such as interferon response genes and inflammatory cytokines.
MATERIALS AND METHODS

Cells and viruses.
The AD169 strain of HCMV was used. Virus particles were partially purified by centrifugation through a sorbitol cushion, resuspended in phosphate-buffered saline, and stored at Ϫ80°C. Primary human foreskin fibroblasts (HFFs) at passage 13 to 15 were maintained in medium supplemented with 10% fetal calf serum. Plates (10-cm diameter) of cells that had been confluent for at least 3 days were infected at a multiplicity of infection of 6 PFU/cell with purified virions in conditioned medium. After adsorption, additional conditioned medium was added to the cells. At the time points indicated, the medium was removed and the cells were washed once with phosphate-buffered saline and lysed with 8 ml of TRIZOL reagent (Gibco-BRL). For infections in the presence of cycloheximide, the cells were pretreated for 1 h with 100 g of cycloheximide per ml in the conditioned medium before infection, and cycloheximide was maintained in the medium throughout the infection. For UV inactivation of viruses, purified virions were suspended in a total of 250 l of phosphatebuffered saline and placed in a well of a six-well dish. The uncovered suspension was irradiated in a Stratagene UV-crosslinker for a period of time that was sufficient to reduce the infectivity of the virions by Ͼ10 5 -fold. For the mixed infection of HCMV with UV-HCMV, a purified virus suspension was divided in two, and one half was irradiated and then combined with the competent virus for an infection at 4 PFU/cell.
Sample preparation and hybridization to gene chips. Frozen TRIZOL suspensions were thawed, and total RNA was purified. Five micrograms of the sample was used as a template for cDNA synthesis in a reaction that was primed with an oligonucleotide containing an oligo(dT) and a T7 RNA polymerase promoter. The cDNA was used to make biotin-labeled cRNA probes with an RNA transcript labeling kit (ENZO). The cRNA was purified to remove unincorporated ribonuclotides, and 15 g was fragmented at 95°C for 30 min in fragmentation buffer (40 mM Tris-acetate [pH 8.1], 100 mM potassium acetate, 30 mM magnesium acetate). The fragmented cRNA was hybridized to HG-U95A arrays for 16 h at 45°C. The arrays were washed and stained according to the Affymetrix antibody amplification protocol (Affymetix Expression Analysis technical manual, 2000). Scanning was performed using an Agilent GeneChip scanner.
Data analysis. Scanned chip data sets were analyzed using the Affymetrix GeneChip analysis software. Data from the time course experiment were analyzed using mock-infected cell data as a baseline. For each time point, we extracted the fold change and difference call for each probe set and compiled it in a spreadsheet. To generate a filtered data set of genes that were considered to be significantly regulated by HCMV, a Perl script that extracted only genes that had a fold change of at least Ϯ3 at two consecutive time points and had a difference call of I (increased), MI (marginally increased), D (decreased), or MD (marginally decreased) was used. Clustering analysis was performed using CLUSTER (10), a hierarchical clustering program obtained from the Eisen Laboratory at the University of California at Berkeley. Before clustering, the data were normalized by gene. For the time course experiment, a gene was considered to be significantly altered if it changed by threefold or greater in two sequential samples and had a difference call of I, MI, D, or MD. For the experiments performed at 6 hpi, duplicate or triplicate samples were analyzed, and a gene was considered to be significantly altered if it changed by threefold or greater in two replicates and had a difference call of I, MI, D, or MD. Data from infections in the presence of cycloheximide were analyzed using data from mock-infected, cycloheximide-treated cells as a baseline. To assign genes in the data sets to specific functional groups, a Perl script that retrieved information on the molecular function, cellular location, and biological process for each gene from the GeneOntology database (2) was used.
RESULTS AND DISCUSSION
To study cellular mRNA accumulation in HCMV-infected cells, human fibroblasts were infected and RNA was harvested at different times over a 48-h time course. RNA samples were analyzed using the Affymetrix HG-U95A array, which contains probe sets designed to detect 12,626 unique human transcripts, and the results were quantified using Affymetrix software. The GeneChip software calculates a fold change as well as a difference call for each gene; the fold change and difference call are reported as MI, D, or MD. Mock-infected cells were used as a baseline. A mRNA was considered to be significantly regulated if (i) its fold change was threefold or greater and (ii) the difference call was I, D, MI, or MD for at least two consecutive time points. It was recently demonstrated that these criteria are sufficient to keep the number of false positives at an acceptably low level (29) .
Levels of numerous cellular RNAs change in response to HCMV infection. The levels of 1,425 cellular mRNAs were significantly altered during the 48-h time period. This data set is available at the website http://www.molbio.princeton.edu /labs/shenk/browneetal2001/. Of these mRNAs, 702 were increased and 723 were decreased. A portion of the genes have been previously reported to be regulated by HCMV, such as several interferon response genes, gas-1, COX-2, and adrenomedullin (43) , confirming the reliability of our data set.
By plotting the number of genes from the filtered set whose mRNA levels have changed at each time point, we observed a roughly constant increase in the number of altered genes up to 24 hpi (Fig. 1A) . When up-regulated and down-regulated mRNAs are plotted separately, they exhibit markedly different profiles (Fig. 1B) . From 0 to 8 hpi, the number of downregulated mRNAs greatly exceeds the number of up-regulated mRNAs, whereas from 8 to 20 h, the up-regulated mRNAs are more numerous.
Certain classes of genes were prominently affected. Consistent with previous reports (42, 43) , several interferon-responsive mRNAs were strongly up-regulated by 4 hpi. It is interesting to note that the mRNA encoding the 58-kDa DNAJ-C3 protein, which inhibits the activity of the interferon-inducible kinase PKR (21) , was induced by a factor of 8.6. This could be a means by which HCMV is able to bypass the block to protein synthesis caused by the activation of PKR. Indeed, influenza virus is thought to induce this protein to evade PKR activity as well (21) .
Ninety-seven mRNAs encoding proteins with likely roles in cell cycle regulation and oncogenesis were modulated by the virus (Table 1) . HCMV infection activates both proliferative and antiproliferative signals in infected cells. HCMV infection is known to induce quiescent (G 0 ) cells to enter the cell cycle (5, 18) , and this is reflected by the rapid down-regulation of transcription for G 0 -specific transcripts such as Gas-1 and p27 (44) ( Table 1) . Transcription of a number of the cyclins is also affected. Consistent with a previous report (18) , cyclin E2 mRNA is strongly induced (6.2-fold at 20 h). Cyclin A1 and D3 a Nuc ID, nucleotide sequence identification or sequence accession number. b Maximum (Max) fold change. A ϳ symbol in front of a fold change value indicates that the transcript was scored as absent in either the baseline or experimental sample and that the fold change was then calculated using the background noise value as the intensity for that comparison. The complete data set with difference calls can be accessed at http://www.molbio.princeton.edu/labs/shenk/browneetal2001/. mRNAs are also induced, although somewhat less strongly. Cyclins T2 and B1 mRNAs are transiently repressed early in infection, while cyclin G1 mRNA was weakly repressed late in infection. The oncogenic transcription factor c-fos and the growth repressive factor junB were rapidly and strongly, but transiently, induced (10-and 5.7-fold, respectively, at 2 h). Several tumor suppressor mRNAs, such as AIM1, DLC3, and ST5, were down-regulated during the time course, while the ets2 repressor factor was up-regulated. CMV is able to inhibit apoptosis (7, 15, 41) . We found that 25 mRNAs, encoding proapoptotic and antiapoptotic proteins, were significantly regulated by the virus ( Table 2 ). The proapoptotic caspase 1 enzyme is down-regulated by 14 h into infection, reaching a 10.8-fold reduction by 48 hpi. The proapoptotic cytokine tumor necrosis factor alpha (TNF-␣), which has roles in the proliferation of T lymphocytes and activationinduced cell death (1), is greatly up-regulated (up to 130-fold) beginning at 6 hpi-presumably as part of an antiviral response. The APO-1 gene, which encodes a receptor for the apoptosis-inducing FAS protein (35) is strongly down-regulated (6.9-fold), possibly protecting infected cells from cytotoxic T-cell killing.
HCMV is well-known for its ability to evade normal immune response pathways such as antigen presentation (22, 25, 26, 38) . Many genes with a role in the immune system were perturbed by viral infection (Table 3) . Consistent with our previous study (43) , several mRNAs encoding proteins with roles in b Maximum (Max) fold change. A ϳ symbol in front of a fold change value indicates that the transcript was scored as absent in either the baseline or experimental sample and that the fold change was then calculated using the background noise value as the intensity for that comparison. The complete data set with difference calls can be accessed at http://www.molbio.princeton.edu/labs /shenk/browneetal2001/. b Maximum (Max) fold change. A ϳ symbol in front of a fold change value indicates that the transcript was scored as absent in either the baseline or experimental sample and that the fold change was then calculated using the background noise value as the intensity for that comparison. The complete data set with difference calls can be accessed at http://www.molbio.princeton.edu/labs /shenk/browneetal2001/.
inflammation were up-regulated, including COX2 and phospholipase A2. Proinflammatory cytokine mRNAs such as RANTES and interleukin 8 were also moderately induced. Strikingly, interleukin 11 mRNA was massively up-regulated (up to 78-fold) from very early times after infection. Interleukin 11 is an antiinflammatory cytokine that interacts with CD4 ϩ lymphocytes and inhibits the development of a cellbased Th1 response in favor of an antibody-based Th2 response (4). This might be an HCMV strategy to subvert the cell-mediated Th1 response. Infection also up-regulated mRNA encoding the interleukin 1 receptor antagonist IL1RN (17.7-fold), possibly preventing this cytokine from performing its roles in inflammation and immunity. A transcription factor, TCF8, known to repress IL-2 transcription (39), was highly up-regulated (43-fold). Il-2 is secreted by activated Th cells and functions to enhance Th cell proliferation and to stimulate Tc cells to become activated cytotoxic lymphocytes (36) . Although there is no evidence that HCMV replicates in lymphocytes, it FIG. 2. HCMV induced altered mRNA cellular mRNA levels in infected cells. Expression data for 1,425 genes judged as being significantly altered by HCMV were normalized by gene and clustered using the hierarchical clustering program CLUSTER. The clusters were then visualized using the TREEVIEW program (A). Putative clusters are noted by numbers to the right of the image. Elevated (red) and reduced (green) mRNA levels are indicated. Genes with functions relating to cell cycle, cell proliferation, or oncogenesis were identified by a Perl program that annotated Affymetrix GeneChip data with information about the biological function of the genes using the GeneOntology database. These genes were then clustered separately and visualized using TREEVIEW (B). Alpha-interferon-sensitive genes found to be modulated by HCMV were also clustered separately (C). (10) . The expression profiles were found to be complex: at least 14 distinct clusters of mRNAs whose levels changed in a coordinated fashion as a function of time were observed ( Fig. 2A) . We did not observe a strong tendency for particular functional groups to be associated with a specific time-based cluster. Indeed, cluster analysis of a specific functional group such as cell cycle genes (Fig. 2B) or interferon-responsive genes (Fig. 2C) highlighted the fact that even within each functional class, several different patterns of expression were discernible. However, it is important to note that functional groupings are imprecise because the functions of most genes remain incompletely understood. It is likely that many of the genes in the same timerelated cluster are coregulated by common transcriptional activators.
Changes in cellular mRNA levels that occur independently of protein synthesis after infection. To identify the changes in cellular mRNA levels that result directly from binding and entry of HCMV in the absence of new protein synthesis, we infected fibroblasts in the presence of cycloheximide and harvested RNA for analysis 6 h later. Cells that were mock infected in the presence of cycloheximide were used as a control. A total of 8 mRNAs were up-regulated and 17 mRNAs were down-regulated (Table 4) . This is clearly an underestimate of the changes that occur in infection independently of new protein synthesis, since cycloheximide alone is known to activate inflammatory pathways that HCMV also activates, such as the transcription factor NF-B (33). Indeed, by comparing mockinfected, cycloheximide-treated cells to mock-infected cells that were not treated with the drug, it was observed that 53 mRNAs that change significantly in HCMV infection by 6 hpi were also activated by cycloheximide alone (data not shown). Four interferon-responsive mRNAs were among those up-regulated by HCMV in the presence of cycloheximide, including beta-interferon itself. No known interferon-responsive genes were induced by cycloheximide in the absence of infection.
It has been shown previously that binding of glycoprotein B to the surface of cells is sufficient to induce activation of interferon response genes (3) as well as NF-B (40), suggesting that a signal transduction cascade is activated by the binding of gB or the intact virion to its fusion receptor. Alternatively, it is possible that many or most of these changes are not gB specific but rather are caused by the triggering of an innate defensive pathway that detects the attachment or entry of a variety of different virus particles and leads directly to the transcription of a small subset of interferon response genes, including betainterferon. A similar pathway was recently reported to be activated by herpes simplex virus (28) , although this report did not distinguish between genes whose transcription is directly triggered by the virus and genes that are induced as a secondary consequence of interferon synthesis. This pathway seems to be distinct from the JAK-STAT interferon signaling pathway, since a U2OS cell line that was defective for the induction of interferon response genes during infection with herpes simplex virus, was still responsive to the addition of interferon (28) .
More cellular mRNAs are induced by UV-HCMV than by HCMV. To monitor the effect of newly synthesized viral pro- FIG. 3 . HCMV replication represses the up-regulation of cellular genes. HFFs were infected at 6 PFU/cell with purified AD169 virus particles. For UV-irradiated HCMV, virus samples were exposed to UV radiation sufficient to reduce infectivity by 10 5 -fold (data not shown). Infections were carried out in duplicate, and at 6 hpi, the cells were lysed and RNA samples were extracted and analyzed by Affymetrix GeneChip analysis to determine the number of up-regulated or down-regulated genes. Genes that changed by threefold or greater and had a difference call of I, MI, D, or MD in both replicates were considered to be significantly regulated. The total number of genes up and down-regulated is shown. CHX-HCMV, HCMV treated with cycloheximide. b Two fold change values were determined in independent experiments. A ϳ symbol in front of a fold change value indicates that the transcript was scored as absent in either the baseline or experimental sample and that the fold change was then calculated using the background noise value as the intensity for that comparison. The complete data set with difference calls can be accessed at http: //www.molbio.princeton.edu/labs/shenk/browneetal2001/. a Nuc ID, nucleotide sequence identification or sequence accession number. b Two fold change values were determined in independent experiments. A ϳ symbol in front of a fold change value indicates that the transcript was scored as absent in either the baseline on experimental sample and that the fold change was then calculated using the background noise value as the intensity for that comparison. The complete data set with difference calls can be accessed at http://www.molbio.princeton.edu/labs/shenk/browneetal2001/.
teins on cellular gene expression, we compared the effects of infection with HCMV to UV-HCMV at 6 hpi. UV-inactivated virus delivers virion proteins to the cell, but virion DNA and mRNAs (6) are damaged and cannot be expressed. The levels of 161 mRNAs were altered by HCMV; UV-HCMV, by contrast, affected 340 (Fig. 3) . The large increase in the number of mRNAs affected by UV-HCMV comes predominantly from mRNAs that are up-regulated. It is likely that the accumulation of this set of cellular mRNAs is normally blocked by a newly synthesized viral protein, a protein that is not produced in cells infected with the UV-irradiated virus.
We next identified the cellular mRNAs that changed in response to infection with one or both of the virus preparations (HCMV and UV-HCMV). The numbers of mRNAs in the subsets listed in Tables 5 to 7 are not equal to the total numbers of genes displayed in Fig. 3 . This is because in many instances, an unambiguous change in a specific mRNA was evident after infection with one of the virus preparations, say HCMV, but the change was borderline and difficult to call for the other virus, i.e., UV-HCMV. Cellular mRNAs were placed into the categories of Tables 5 to 7 only when the data for both virus preparations allowed a clear determination.
Eighty-two mRNAs (Table 5 ) changed by a factor of at least 3 after infection with both HCMV and UV-HCMV. Presumably, this set of changes occurs as a result of binding and entry of virus particles and/or the action of virion proteins within the infected cell. This set included mRNAs encoding cell cycle regulators that change early in HCMV infection, such as cyclin E, gas-1, and p27. This indicates that the ability of HCMV to cause G 0 cells to reenter the cell cycle is probably mediated by virus binding or a tegument protein. Consistent with this hypothesis, the tegument protein pp71 can induce quiescent cells to reenter the cell cycle (R. Kalejita, J. Bechtel, and T. Shenk, submitted for publication).
Fifteen mRNAs (Table 6 ) were found to be significantly regulated at 6 hpi by HCMV but not by UV-HCMV, presumably representing a subset of mRNAs whose regulation in infection is dependent on new viral protein synthesis, i.e., they were not modulated by entry or virion proteins. Of these, 1 was up-regulated and 14 were down-regulated.
One hundred seventeen mRNAs (Table 7) were modulated by UV-HCMV but not HCMV. The majority (82 genes) were up-regulated, representing a set of mRNAs whose up-regulation is normally prevented by a newly synthesized viral protein. This list included many known antiviral genes, including members of the interferon response pathway and proinflammatory cytokines.
We next wanted to determine whether HCMV modulated the expression of all or a subset of the interferon-responsive genes on the 12,626 gene array. To identify the full set of interferon-responsive genes on the array, uninfected human fibroblasts were treated with alpha-interferon for 6 h, and RNA was prepared and analyzed. Interferon induced 79 mRNAs (Fig. 4A) and reduced the level of only one. Of the 161 genes that change in HCMV-infected cells by 6 hpi, only 17 ( Fig. 4A ) of these overlap with the set that are activated by alpha-interferon. However, when fibroblasts were infected with UV-HCMV, a much larger subset, 50 genes (Fig. 4A ) of the interferon-sensitive genes were found to be significantly up-regulated. To rule out the possibility that the interferon response pathway is being activated by the presence of UVdamaged DNA in infected cells, we carried out a mixed infection of HCMV with UV-HCMV. If interferon-sensitive genes are induced by damaged viral DNA, then the inclusion of functional virus will not block their induction. However, the mixed infection led to the up-regulation of only 25 interferon response genes at 6 hpi (Fig. 4A) , and the genes that continued to score were induced to a lesser extent. Since the inclusion of HCMV substantially blocked the induction of interferon-responsive mRNAs, we conclude that the lack of a viral gene product, rather than the presence of damaged DNA, accounts for the larger number of interferon response genes up-regulated by UV-HCMV. It has been reported previously that HCMV infection causes a block in the interferon signaling pathway by inducing degradation of JAK1 and p48 (27) . However, this was not observed until 48 hpi. Since the interferon response is substantially blocked at 6 hpi, it is likely that a different mechanism is involved, a possibility that is consistent with our observation that HCMV synthesizes one or more gene products that inhibit cellular mRNA accumulation. Interferon regulatory factor 1 (IRF-1) and IRF-4, two proteins that play a role in beta-interferon transcription (24) , were much more greatly up-regulated after infection with UV-HCMV than HCMV (Fig. 4B ). Consequently, it is possible that the early block to the accumulation of interferon-responsive mRNAs results primarily from a block to transcription of the beta-interferon gene-indeed, beta-interferon transcription was much more highly induced by UV-HCMV than by HCMV (Fig. 4B) . A specific subset of interferon-responsive mRNAs continues to accumulate to high levels in the presence of this block. However, many of these mRNAs appear to be expressed at substantially lower levels during infection with HCMV than with UV-HCMV as well.
Recently it was reported that the changes in mRNA levels occurring in HCMV-infected fibroblasts at 8 or 24 hpi are not b Two fold change values were determined in independent experiments. A ϳ symbol in front of a fold change value indicates that the transcript was scored as absent in either the baseline or experimental sample and that the fold change was then calculated using the background noise value as the intensity for that comparison. The complete data set with difference calls can be accessed at http: //www.molbio.princeton.edu/labs/shenk/browneetal2001/. a Nuc ID, nucleotide sequence identification or sequence accession number. b Two fold change values were determined in independent experiments. A ϳ symbol in front of a fold change value indicates that the transcript was scored as absent in either the baseline or experimental sample and that the fold change was then calculated using the background noise value as the intensity for that comparison. The complete data set with difference calls can be accessed at http://www.molbio.princeton.edu/labs/shenk/browneetal2001/. significantly different from those that occur following treatment with interferon or a recombinant soluble form of the HCMV glycoprotein B (34) . By contrast, our data reveal that at 6 hpi, many interferon-responsive mRNAs fail to accumulate due to active suppression by the virus (Fig. 4A) . Furthermore, many mRNAs that change in infection are not responsive to interferon. We cannot yet explain the difference between the two data sets. Accumulation of several proinflammatory chemokine mRNAs was also prevented by one or more newly synthesized viral gene products at 6 hpi (Fig. 5) . RANTES, interleukin 8, HuMIG, MIP1a, and MIP3b were all strongly induced by UV-HCMV but not HCMV. This repression of inflammatory chemokine expression would conceivably prevent the recruitment of immune cells such as lymphocytes and macrophages to the site of infection.
HCMV also prevents the accumulation of mRNAs that could potentially block cell cycle progression. The transcription factor junB, which negatively regulates the growth-promoting activities of c-jun (32) , is rapidly induced in the infection time course but returns to background levels by 4 to 6 hpi. In cells infected with UV-HCMV, however, junB up-regulation remains high at 6 hpi.
Conclusion. Our array analysis has revealed an active, virusmediated repression of cellular mRNA accumulation taking place during the first 6 h of the infection. During this time period, the number of up-regulated mRNAs lags significantly behind the number of down-regulated mRNAs (Fig. 1B) . The repression is not evident at 6 h after infection of cells with UV-inactivated virus (Fig. 3) , i.e., more cellular mRNAs accumulate in UV-HCMV-infected cells than in HCMV-infected cells, allowing us to conclude that the repression results from a newly synthesized viral gene product. This gene product blocks FIG. 5 . HCMV replication represses activation of proinflammatory chemokines. Human foreskin fibroblast cells were infected for 6 h with HCMV or UV-HCMV at 6 PFU/cell, before RNA was extracted and used for Affymetrix GeneChip analysis. The fold inductions for the genes shown above were averaged for two replicates. IL-8, interleukin 8; HuMIG, human inducer of gamma interferon; MIP1a and MIP3b, macrophage inflammatory protein 1a and 3b, respectively.
FIG. 4.
HCMV replication represses activation of the interferon response pathway. Human foreskin fibroblast cells were treated with 5,000 U of alpha-interferon per ml for 6 h. The cells were then lysed, and RNA was analyzed by Affymetrix GeneChip analysis. Seventy-nine genes were found be up-regulated by interferon in duplicate, and the proportion of these genes that were also up-regulated by HCMV, by HCMV in the presence of cycloheximide (CHX), and by UV-HCMV at 6 hpi were counted and graphed (A). The fold inductions for betainterferon, IRF1, and IRF4 were averaged for two replicates and then graphed (B). IFN, interferon.
the accumulation of a variety of cellular mRNAs including those encoding antiviral proteins. The number of up-regulated mRNAs rises dramatically from 10 to 16 hpi, presumably preparing the cell for the start of viral DNA replication at about 24 hpi. A similar repressive effect of herpes simplex virus on interferon-responsive genes has been reported recently (28) .
The identity of the HCMV protein or proteins that inhibit accumulation of cellular mRNAs with antiviral activities, and the mechanism by which they act remain unknown. Since repression occurs very rapidly after infection, it must result from the activity of an immediate-early gene product or an early gene product that is expressed very rapidly after infection. The viral product might function as a transcriptional repressor, directly affecting the transcription of cellular genes; it could act indirectly, up-regulating a cellular repressor; or it could act posttranscriptionally to influence mRNA levels.
